is accompanied by reduced ventilatory sensitivity to CO 2 and O 2 , respiratory drive failure during sleep, impaired autonomic, fluid, and food absorption regulation, and affective and cognitive deficits, including memory deficiencies. The deficits likely derive from neural injury, reflected as structural damage and impaired functional brain responses to ventilatory and autonomic challenges. Brain structures playing essential memory roles, including the hippocampus and anterior thalamus, are damaged in CCHS. Other memory formation circuitry, the fornix and mammillary bodies, have not been evaluated. We collected two high-resolution T1-weighted image series from 14 CCHS and 31 control subjects, using a 3.0-Tesla magnetic resonance imaging scanner. Image series were averaged and reoriented to a standard template; areas containing the mammillary bodies and fornices were over sampled, and body volumes and fornix crosssectional areas were calculated and compared between groups. Both left and right mammillary body volumes and fornix crosssectional areas were significantly reduced in CCHS over control subjects, controlling for age, gender, and intracranial volume. Damage to these structures may contribute to memory deficiencies found in CCHS. Hypoxic processes, together with diminished neuroprotection from micronutrient deficiencies secondary to fluid and dietary absorption issues, may contribute to the injury. (Pediatr Res 66: 429-434, 2009) P atients with congenital central hypoventilation syndrome (CCHS) often show multiple affective and cognitive problems, including learning and memory deficits, in addition to the classic characteristics of reduced ventilatory responses to CO 2 and O 2 , loss of respiratory drive during sleep, and impaired autonomic regulation (1-5). Brain structural and functional magnetic resonance imaging (MRI) findings suggest that the physiologic and neuropsychological deficits likely develop from hypoxic injury or failed development of multiple structures in brainstem, cerebellar, limbic, and cortical areas (6 -12). The injured rostral brain areas include the hippocampus and anterior thalamus, essential structures for selected aspects of memory processing (13, 14) . Deficits in these two sites appear as both impaired functional MRI signal responses to autonomic and ventilatory challenges (9 -12) and tissue alterations, as indicated by voxel-based T2-relaxometry and mean diffusivity procedures (6, 8) .
P atients with congenital central hypoventilation syndrome (CCHS) often show multiple affective and cognitive problems, including learning and memory deficits, in addition to the classic characteristics of reduced ventilatory responses to CO 2 and O 2 , loss of respiratory drive during sleep, and impaired autonomic regulation (1-5). Brain structural and functional magnetic resonance imaging (MRI) findings suggest that the physiologic and neuropsychological deficits likely develop from hypoxic injury or failed development of multiple structures in brainstem, cerebellar, limbic, and cortical areas (6 -12) . The injured rostral brain areas include the hippocampus and anterior thalamus, essential structures for selected aspects of memory processing (13, 14) . Deficits in these two sites appear as both impaired functional MRI signal responses to autonomic and ventilatory challenges (9 -12) and tissue alterations, as indicated by voxel-based T2-relaxometry and mean diffusivity procedures (6, 8) .
However, the resolution of these imaging techniques and other logistic issues precluded detailed evaluation of additional structures necessary for memory functions, including the principal output fibers from the hippocampus, the fornix, and target nuclei for those projections, the mammillary bodies. The mammillary bodies and fornix, as well as the mammillothalamic tract and its recipient structure, the anterior thalamus, form components of hippocampal-originated circuitry for short term and spatial memory (15) (16) (17) . The fornices and mammillary bodies, the latter lying on the ventral brain surface proximal to the skull, are difficult to evaluate with conventional MRI or voxel-based procedures because of their small size and location, and escaped detection of potential morphologic changes in subjects with CCHS.
The integrity of the mammillary bodies and fornix is of interest in subjects with CCHS, because both structures show injury in several conditions characterized by memory deficits, including Wernicke-Korsakoff's syndrome (18), Alzheimer's disease (19) , obstructive sleep apnea (20) , and heart failure (21); the latter two conditions show less severe but significant memory problems. These conditions result from differing pathologic processes, with alcoholism combined with nutrient deficiencies often associated with Wernicke-Korsakoff's syndrome (22) , intermittent hypoxic and inflammatory processes suspected in obstructive sleep apnea (20) , and impaired perfusion, inflammation, and hypoxic mechanisms perhaps playing a role in heart failure (21) .
The learning and memory deficits found in CCHS suggest that the mammillary bodies and fornices may be injured in a fashion shared by other conditions with memory deficiencies. Our aim was to evaluate mammillary body (MB) volumes and fornix cross-sectional areas in CCHS using high-resolution T1-weighted MRI procedures. We hypothesized that subjects with CCHS would show reduced MB volumes and fornix cross-sectional areas, compared with control subjects.
METHODS

Subjects.
We included 14 CCHS and 31 control subjects in this study (Table 1 ). The diagnosis of CCHS was based on American Thoracic Society criteria (1), and subjects were recruited through the CCHS family network (http://www.cchsnetwork.org). Six subjects with CCHS were diagnosed with PHOX2B mutations, two were inconclusive, four subjects were not tested, and two could not be reached. Of subjects with CCHS and known PHOX2B mutations, four showed alanine expansions of 20/27, and two of 20/25. We included only subjects with CCHS who required ventilatory support during sleep but not during waking. Subjects with CCHS and other conditions, including cardiovascular or neurologic disorders, or diagnosed Hirschsprung's disease were excluded to avoid confounds with neural injury associated with these conditions. Control subjects were healthy, without neurologic issues, or other problems affecting brain tissue, and were recruited through advertisements at the university campus. All subjects were awake during the entire study (without anesthesia or sedation), and were removed from the scanner to provide rest, if needed.
The study protocol was approved by the Institutional Review Board of the University of California at Los Angeles, and all subjects and their parents/ guardians gave informed written consent/assent before the study.
Magnetic resonance imaging. Brain studies were performed in a 3.0-Tesla MRI scanner (Magnetom Trio; Siemens, Erlangen, Germany). Subjects lay supine, and foam pads were placed on both sides of the head to minimize head motion. Two high-resolution T1-weighted image series were collected using a magnetization-prepared rapid acquisition gradient echo sequence (repetition time ϭ 2200 ms; echo time ϭ 3.05 ms; inversion time ϭ 1100 ms; flip-angle ϭ 10°; matrix size ϭ 256 ϫ 256; field of view ϭ 220 ϫ 220 mm; and slice thickness ϭ 1.0 mm). Proton density and T2-weighted images were collected, using a dual-echo turbo spin-echo sequence (repetition time ϭ 8000 ms; echo times 1 and 2 ϭ 17 and 133 ms, respectively; flip-angle ϭ 150°; matrix size ϭ 256 ϫ 256; field of view ϭ 240 ϫ 240 mm; slice thickness ϭ 5.0 mm; and turbo factor ϭ 5) for anatomical evaluation.
Data analysis. Both high-resolution T1-weighted image series were evaluated for motion-related or other artifacts. T1-, T2-and proton densityweighted images were also evaluated for any brain pathology, such as cystic or other mass lesions.
The statistical parametric mapping package SPM5 (Wellcome Department of Cognitive Neurology, UK; http://www.fil.ion.ucl.ac.uk/spm/), MRIcron (23), and Matlab-based (The MathWorks, Inc., Natick, MA) custom software were used to process the brain images, outline mammillary bodies and fornix cross-sections, and calculate MB volumes and fornix cross-sectional areas.
The two T1-weighted image series were averaged to increase signal-tonoise ratio. Averaged images were reoriented into a common space, using a six-parameter rigid-body (nondistorting) affine transformation.
The reoriented images were partitioned into gray matter, white matter, and cerebrospinal fluid probability maps with unified segmentation techniques (24) . In gray, white, and CSF probability maps, voxels with a p value Ͼ0.5 were counted and total intracranial volume (TIV) of each subject was calculated as described elsewhere (20, 21) .
Using the reoriented images, brain images containing regions of MB and fornix structures were over sampled (0.2 ϫ 0.2 ϫ 0.2 mm). A single investigator, blinded to subject group assignment, delineated the MB as described earlier (20, 21) . Briefly, using sagittal and coronal views, the brain midline was determined, and the medial border of the left or right MB was outlined. Superior and inferior MB boundaries were determined with coronal views; successive sagittal slices were used to outline the boundaries of the entire structure, and coronal and axial views were used to confirm boundaries. Delineated voxels in each MB were counted, and volumes of the body on each side were calculated.
Left and right fornix cross-sections were outlined at a level immediately dorsal to the anterior commissure before entry of the fornix columns into the septum, as described elsewhere (21) . We calculated fornix cross-sectional areas rather than volumes, because the issue of interest is the extent of potential fiber loss supplying the mammillary bodies, which can be estimated from the cross-sectional areas. It is also difficult to differentiate fornix fibers from axons within the temporal lobe and splenium of the corpus callosum, and into left and right columns after fibers enter the septum. Boundaries of the left and right fornix fibers in the medial-lateral dimension were marked in coronal views; caudal and rostral borders were determined and marked in sagittal views. Both coronal and sagittal boundaries were used to determine the fornix borders in axial views, and axial views were used to outline fornix crosssectional areas. Pixels in each fornix cross-section were counted, and crosssectional areas were determined.
Statistical analysis. We used the Statistical Package for the Social Sciences (SPSS, V 15.0, Chicago, IL) software for statistical assessment. Numerical variables of the demographic and biophysical data were evaluated with independent samples t tests, and categorical values were assessed with 2 . A multivariate analysis of covariance (MANCOVA) was performed to assess MB volume and fornix cross-sectional area differences between groups, with covariates of age, gender, and TIV.
Using Pearson's correlation procedures, we performed correlation analyses between MB volumes with fornix cross-sectional areas and age in the control group and subjects with CCHS. We established intra-and inter-subject reliabilities for MB and fornix cross-sectional area tracings with Pearson's correlation.
Intra and inter-tracer reliabilities. Intra-and intertracer reliabilities were established for outlining MB and fornix characteristics by the initial investigator repeating the outline procedure for both measures in six randomly selected subjects (two subjects with CCHS and four controls). In the same six subjects, another investigator, blinded to the first investigator's measures, also traced both structures. Both intra-tracer (MB: r ϭ 0.96, p Ͻ 0.001; fornix: r ϭ 0.92, p Ͻ 0.001) and intertracer (MB: r ϭ 0.97, p Ͻ 0.001; fornix: r ϭ 0.88, p Ͻ 0.001) reliabilities for the MB and fornix cross-sections were high.
RESULTS
Demographic and biophysical variables of subjects with CCHS and control subjects are summarized in Table 1 . There were no significant differences in age, gender, or body mass index between subjects with CCHS and control subjects.
Reduced MB volumes and fornix cross-sectional areas in subjects with CCHS were visually apparent on high-resolution T1-weighted images from the individual subjects with CCHS ( Figs. 1 and 2 ). Mean MB volumes and fornix cross-sectional areas for both groups are summarized in Table 2 , and indi- vidual values are displayed on scatter plots ( Fig. 3A and B , p Ͻ 0.002) showed significant reductions in subjects with PHOX2B mutations versus control subjects, controlling for age, gender, and TIV.
Left MB volumes and fornix cross-sectional areas showed significant correlations with age (MB versus age, r ϭ 0.37, p Ͻ 0.042; fornix versus age, r ϭ 0.41, p Ͻ 0.022) in the control group, but on the right side, the equivalent correlations were not significant. Both left and right MB volumes were positively correlated with corresponding left and right fornix cross-sectional areas in the control group (left, r ϭ 0.60, p Ͻ 0.001; right, r ϭ 0.45, p Ͻ 0.012).
In the CCHS group, the left MB volumes were significantly correlated with age (r ϭ 0.75, p Ͻ 0.003). Neither left nor right fornix cross-sectional areas showed any significant correlation with age or respective MB volumes in the CCHS group.
DISCUSSION
Mammillary body volumes and cross-sectional areas of their major afferent bundles, the fornices, are reduced in children with CCHS. The hippocampus and anterior thalamus, which form principal components of short-term and spatial memory circuitry together with the fornix and mammillary bodies (15) (16) (17) , earlier showed both structural injury and functional deficits during autonomic and ventilatory challenges in patients with CCHS (6,8 -12) . The findings of structural injury in brain sites that serve memory functions may provide a basis for a portion of the cognitive deficits in subjects with CCHS, including memory issues (5) .
Structural components of learning and memory functions. A set of integrated brain structures, including the hippocampus, anterior thalamus, fornix, and mammillary bodies, serves aspects of memory processing. The mammillary bodies contain two major nuclear groups, medial and lateral nuclei. Injury to the mammillary bodies or fornix elicits navigation deficits and spatial delayed-alteration task difficulties in several experimental models (25) (26) (27) (28) (29) . Head direction and angular velocity cells that are distributed in multiple forebrain and midbrain areas (30 -33) , including the lateral MB nuclei (34), help encode spatial navigation information. Lateral MB nuclei also play significant roles in spatial memory tasks, as indicated by oxidative metabolic studies (35) . Discharge of neurons within the medial MB nuclei synchronizes with the hippocampal theta rhythm, and may contribute to memory function (36, 37) . Although MRI procedures used here were inadequate to separate lateral and medial portions of the structures, the overall volume loss in the mammillary bodies suggests the damage would contribute to impaired spatial learning and memory in subjects with CCHS.
Although the primary role of the mammillary bodies appears to be related to memory functions, the interconnections of these structures with other limbic areas may contribute to mood regulation. A significant inverse correlation emerged between Beck Depression Inventory scores and MB volumes in a combined group of heart failure and control subjects (21) . Although we do not have depression scores for the subjects with CCHS, such depression signs have been described (4), and may stem partially from the MB injury.
MB and fornix correlations. Left MB volumes significantly positively correlated with age in both CCHS and control groups, and left fornix cross-sectional areas showed a significant correlation with age in control subjects. The correlation of MB volume and fornix cross-sectional area with development appears preferentially on the left side. The basis for those correlations are unclear but may represent an additional example of lateralized structure and function of limbic structures (38) .
Both left and right MB volumes positively correlated with left and right fornix cross-sectional areas, respectively, in the control group, whereas subjects with CCHS did not show such correlations. Loss of fornix fibers, resulting from hippocampal injury, likely contributed to the reduced MB volumes; however, the extent of fornix fiber loss did not directly relate to the magnitude of MB volume loss. The lack of a linear relation- ship may arise from MB cell loss not directly translating to volume loss, with fluid, glia, or other replacement tissue occupying space previously filled by neurons. The nature of injury in the mammillary bodies needs to be examined on a cellular level.
Pathologic mechanisms. Although precise mechanisms of MB and fornix injury shown here are unknown, several possibilities emerge. Since we found that MB volumes normally positively correlate with the extent of cross-sectional area in the corresponding fornix, earlier-reported hippocampal injury in subjects with CCHS may lead to reduced fornix fibers, with consequent cell loss in the mammillary bodies. The hippocampal damage in subjects with CCHS may stem from multiple sources, including hypoxic processes accompanying hypoventilation during sleep (1). Inflammatory and oxidative processes accompany such hypoxic mechanisms, and may be especially operative here (39, 40) . Several animal studies, simulating intermittent hypoxia of sleep-disordered breathing, found brain injury in multiple sites, including the hippocampus and other limbic areas (39, 41, 42) .
An additional possibility is that the mammillary bodies, receiving long-axon fiber projections from the hippocampus via the fibers of the fornix, may be subjected to excitotoxic injury from those fibers by hypoxia resulting from hypoventilation during sleep, in a similar fashion that Purkinje cells can be injured with hyperexcitation of climbing fibers from the inferior olive (43) , and hippocampal neuronal damage can result from excessive excitation of Schaffer's collaterals during seizure discharge (44) .
Thiamine roles. Mammillary body volume loss classically has been associated with conditions accompanied by thiamine (B1) and magnesium deficiency, including chronic alcoholism, beriberi, anorexia, dialysis, or other malabsorption or fluid loss conditions where inadequate absorption or flushing of nutrients may occur (45, 46) , resulting in WernickeKorsakoffs syndrome with neuropsychological deficits, including memory deficiencies. Thiamine deficiency has also been hypothesized to underlie processes involved in the sudden infant death syndrome (47) . Thiamine, together with magnesium, is an essential component of carbohydrate metabolism, and plays a critical role in neuronal survival (48) , especially when cells are exposed to hypoxia (49) .
Direct evidence of low thiamine levels is lacking in patients with CCHS, although profuse sweating, anecdotal reports of poor fluid intake control (1,4), as well as impaired intestinal absorption, all characteristics predisposing for nutrient loss, are common complaints.
PHOX2B processes. The injury to the mammillary bodies and fornix may have derived from altered developmental processes related to the transcription factor PHOX2B, mutations of which have been implicated as leading to CCHS characteristics (50, 51) . However, animal knockout models of PHOX2B show damage principally confined to visceral ganglia, brainstem autonomic nuclei, and chemosensitive neurons in the parafacial region (52, 53) , which overlap neurons of the retrotrapezoid nuclei (54, 55) . Suprabulbar structures, such as the mammillary bodies, have not been implicated as PHOX2B targets, nor are regions of the cerebellum, which are especially affected in the human condition (7) . The MB volume loss may stem from secondary processes deriving from the initial PHOX2B injury, such as altered vascular development from affected autonomic ganglia, or from consequences of hypoventilation in the syndrome. The hippocampus, especially sensitive to hypoxia, is injured in subjects with CCHS (8), a consequence which could diminish the number of fornix fibers, and, in turn, MB cells. Such hypoxic injury would be exacerbated by loss of nutrient neuroprotection from fluid regulatory and visceral malabsorption aspects of the syndrome.
Limitations. We did not correlate the anatomical findings with cognitive deficits in subjects with CCHS, because the initial interest was only in anatomical findings; cognitive aspects were not part of the study. Not all subjects with CCHS show cognitive deficits, and a large range of severity emerges in those who are affected. These subjects with CCHS were recruited from the CCHS family network (http://www.cch snetwork.org), and a largely overlapping group of subjects with CCHS showed mood and cognitive deficits, including learning difficulties (4) . Although the MB volume loss found here (12%) is not as extensive as with other conditions with memory deficits (20, 21) , the decline is close to that found in chronic alcoholics (18%) who show significant correlations (r ϭ 0.55) of bilateral MB volumes and short-retention recall scores, even when amnesia is not a principal characteristic (56) . We speculate, based on data from other syndromes with , from control subjects (ϫ) and (E) subjects with CCHS. Both mammillary body volumes and fornix cross-sectional areas are significantly reduced in subjects with CCHS over control subjects, controlling for age, gender, and total intracranial volume. reduced MB volumes (chronic alcoholism, beriberi, and anorexia), that the tissue loss in these sites contributes to cognitive and mood deficits.
In conclusion, MB volumes and fornix cross-sectional areas were significantly reduced in CCHS subjects, when compared with control subjects. Mammillary body and fornix injury may contribute to mood, learning, and memory deficits found in subjects with CCHS; however, future studies will be necessary to correlate the extent of cognitive deficits to structural findings. Hypoxic processes, along with micronutrient deficiencies, such as diminished thiamine and magnesium levels resulting from malabsorption and altered fluid regulation, may contribute to the tissue injury.
